Prognostics and Health Management (PHM) provides an opportunity for lowering sustainment costs, improving maintenance decision-making and providing product usage feedback into the product design and validation process. The adoption of PHM approaches requires consideration and planning for integration into new and existing systems, operations, and processes. However, PHM must provide a significant advantage in order to add value for the maintenance process and commitments to implement and support PHM approaches cannot be made without the development of supporting business cases. The realization of PHM requires implementation at different levels of scale and complexity. The maturity, robustness, and applicability of the underlying predictive algorithms impact the overall efficacy of PHM within an enterprise. The utility of PHM to inform decision-makers within tight scheduling constraints and under different operational profiles likewise affects the cost avoidance that can be realized. This paper presents a case study conducted using a stochastic discrete event simulation model to determine the benefits and potential cost avoidance offered by electronics PHM (e-PHM). The case study of a multifunctional display in a Boing 737 compared the life cycle costs of a system employing unscheduled maintenance approaches to the same system using a precursor to failure PHM approach.
INTRODUCTION
One important attribute of most business cases is the development of an economic justification. Return on investment (ROI) is a useful means of gauging the economic merits of adopting PHM.
ROI measures the 'return,' the cost savings, profit, or cost avoidance that result from a given use of money. In general, ROI is the ratio of gain to investment. Equation (1) is a way of defining a ROI over a system life cycle.
Investment Investment
Cost Avoided (1) The central ratio in (1) is the classical ROI definition and the ratio on the right is the form of ROI that is applicable to PHM assessment. In the case of PHM, the investment includes all the costs necessary to develop, install and support a PHM approach in a system including the possible cost of purchasing additional Line Replaceable Units (LRUs) due to pre-failure replacement of units; while the avoided cost is a quantification of the benefit realized through the use of a PHM approach.
Constructing a business case for PHM does not necessarily require that the ROI be greater than zero (ROI > 0 implies that there is a cost benefit), i.e., in some cases the value of PHM is not easily quantifiable in monetary terms but is necessary in order to meet a system requirement that could not otherwise be attained, e.g., an availability requirement. However, the evaluation of ROI (whether greater than or less than zero) is still a necessary part of any business case developed for PHM [1] .
ROI ANALYSES OF PHM
The determination of the ROI allows managers to include quantitative and readily interpretable results in their decisionmaking [2] . ROI analysis may be used to select between different types of PHM, to optimize the use of a particular PHM approach, or to determine whether to adopt PHM versus more traditional maintenance approaches. 1 The economic justification of PHM has been discussed by several authors, e.g., [3] [4] [5] [6] [7] [8] [9] [10] . The ROI associated with PHM approaches have been examined for specific non-electronic military applications, including ground vehicles, power supplies and engine monitors [11, 12] . NASA studies indicate that the ROI of prognostics in aircraft structures may be as high as 0.58 in 3 years for contemporary and older generation aircraft systems assuming a 35% reduction in maintenance requirements [13] . To generalize the costs of electronics PHM for commercial and military aircraft requires knowledge of industry practices and regulations, knowledge of phased and mission scheduling, understanding of the underlying PHM component technologies, and an assessment of their accuracy. Simple ROI analyses of electronic prognostics for high reliability telecommunications applications (power supplies and power converters) have been conducted, including a basic business case for the BladeSwitch voice telecommunications deployment in Malaysia [14] .
The Joint Strike Fighter (JSF) program was the first implementation of PHM in a major multinational defense system [15] . PHM is the principle component in the JSF's Autonomic Logistics 2 system. ROI predictions of the costs of PHM implementation and the potential for cost avoidance have been evaluated and an analysis of PHM for JSF aircraft engines was developed using a methodology that employed Failure Modes, Effects, and Criticality Analysis (FMECA) to model hardware [17, 18] . The effectiveness of the PHM devices in detecting and isolating each of the failures was determined and evaluated against unscheduled maintenance and scheduled maintenance approaches. [18] employed a logistic simulation model to assess impacts on availability within military flight scheduling for an engine control unit (ECU) equipped with PHM for different subcomponents and provided results showing maintenance and cost avoidance savings for a program using PHM over a five year period. PHM, when applied to suitable subcomponents, offered substantial monetary and non-monetary benefits, specifically in increased safety and improved sortie generation.
Byer et al. [19] describe a process for conducting a costbenefit analysis for prognostics applied to aircraft subsystems. The definition of a baseline system without PHM and the aircraft system with PHM is the first step in the analysis. Secondly, reliability and maintainability predictions for the components of the aircraft are developed. Next, the measures of PHM effectiveness are defined and the corresponding metrics associated with these measures of effectiveness are established. The impact of PHM on training, support equipment, the cost of consumables, and manpower are then assessed. The overall non-recurring and recurring costs of providing PHM are estimated. The results are then computed for the cost benefits. The process is then repeated for PHM benefits that are not denominated in monetary units, including sortie generation capability, reduction in the frequency of accidents, and the change in footprint.
As supplemental information and for model refinement, Byer et al. [19] use FMECA, line maintenance activity costing, and legacy field event rates in addition to scheduling matrices and cost data on parts to produce life cycle costs and 2 'Autonomic logistics' describes an automated system that supports mission reliability and maximizes sortie generation while minimizing costs and logistical burden, [16] . operational impact assessments. The detailed inputs present an improvement over the more general information contained in typical military maintenance databases, which may have a great amount of historical data overall but lack specific data on fault diagnostic and isolation times needed to assess the cost avoidance of PHM. The methodology can be used to enhance the accuracy of operational and support costs, even in the absence of PHM technologies, by creating a more rigorous framework for the examination of maintenance costs.
The cost-benefit analysis of PHM for batteries within ground combat vehicles was modeled using the Army Research Laboratory's Trade Space Visualizer software tool [20] . The analysis was performed by conducting a study of asset failure behavior, calculating the cost of PHM technology development and integration, estimating the benefits of the technology implementation, and calculating decision metrics. The initial analysis focuses on isolating the subcomponents that contribute to the degradation of the larger components or the system itself. FMECA can then be used to classify the failure mode and determine which prognostics technology could be used to monitor it. This information is then extended into a fleet operations framework in which a user can select variables of parameters, such as availability, battery failure rate, or the logistic delay time. These parameters can be optimized to achieve a given ROI, or the user can set values for these parameters and then calculate the ROI for different scenarios. Banks and Merenich [20] found that ROI was maximized when the time horizon (prognostic distance) was greatest and when the number of vehicles and the failure rates were largest.
A comparison of the ROI of prognostics for two types of military ground vehicle platforms was performed using data from Pennsylvania State University's battery prognostics program [6] . Non-recurring development costs were estimated for the prognostic units developed for the batteries of the Light Armored Vehicle (LAV) and the Stryker platform used in the Stryker Brigade Combat Team (SBCT) family of vehicles. ROI was calculated as 0.84 for the LAV and 4.61 for the SBCT based on estimates of the development and implementation costs. The difference in ROI is attributed to a shorter period of benefit over which the costs of PHM development would be absorbed for the LAV in addition to a smaller quantity of batteries. The implementation costs considered were manufacturing of the PHM sensors and their installation in each vehicle. The non-recurring development costs included algorithm development, hardware and software design, engineering, qualification, and testing, vehicle system integration, and the development of an integrated data environment (IDE) for data management. When combined with known data about battery performance across the Department of Defense (DoD), the total ROI of battery prognostics for the DoD was calculated as 15.25 over a 25-year period.
The Boeing Company developed a life cycle cost model for evaluating the benefits of prognostics for the Joint Strike Fighter program. The model was developed by Boeing's Phantom Works division to enable cost-benefit analysis of prognostics for the fighter's avionics during system demonstration and then enhanced to permit life cycle cost assessment of prognostic approaches [21] . The model allowed for selection of standard mission profiles or definition of custom mission profiles. Cost influencing parameters in addition to economic factors were incorporated into a cost benefit analysis [22] .
Although existing PHM ROI assessments contain valuable insight into the cost drivers, most cost analyses and cost-benefit analyses are application-specific; they do not provide a general modeling framework or consistent process with which to approach the evaluation of the application of PHM to a new system. Furthermore, existing approaches provide primarily "point estimates" of the value based on a set of fixed inputs when, in reality, the inputs are uncertain. For example, the reliability of a system is best represented as a probability distribution, as are many other inputs to the ROI analysis. Accommodating the uncertainties in the PHM ROI calculation is at the heart of developing realistic business cases that address prognostic requirements.
Definitions and Terminology
Line Replaceable Unit (LRU) is a general term referring to a generic 'black box' electronics unit that is usually designed to common specifications and is readily replaceable on the "line" (i.e., in the field). LRUs are distinguished from Shop Replaceable Units (SRUs) and Depot Replaceable Units (DRUs), which may require additional time, resources, and equipment for replacement and maintenance. A socket is a unique instance of an installation location for an LRU. One instance of a socket occupied by an engine controller is its location on a particular engine. The socket may be occupied by a single LRU during its lifetime (if the LRU never fails), or multiple LRUs if one or more LRUs fail and needs to be replaced.
Unscheduled maintenance refers to operating a system until failure and then taking appropriate maintenance actions to replace or repair the failure. The opposite of unscheduled maintenance is preventative maintenance in which a maintenance action is taken prior to failure at a scheduled interval or in response to an indication provided by a PHM approach. A fixed-schedule maintenance interval is the interval at which scheduled maintenance is performed. The fixed-schedule maintenance interval is kept constant for all instances of the LRUs occupying all socket instances throughout the system life cycle. The common wisdom that oil should be changed every 3,000 miles for personal vehicles represents a fixed-schedule maintenance interval policy.
Precursor to Failure methodologies refer to methodologies that are coupled to the specific LRU instance they are applied to. Included in this category of PHM approaches are Health Monitoring (HM) and LRU-dependent fuses. LRU-dependent fuses are assumed to be fabricated concurrently with specific instances of LRUs, e.g., they would share LRU-specific variations in manufacturing and materials.
LRU-independent methodologies are independent of the specific LRU instance they are applied to. Included in this category of PHM approaches are Life Consumption Monitoring (LCM) and LRU-independent fuses. LRUindependent fuses are fabricated separately from the LRUs and assembled into the LRUs, so they do not share any LRUspecific variations in manufacturing and materials.
PHM COSTS
The two major categories of cost-contributing activities that must be considered in an analysis of the ROI of PHM are implementation costs and cost avoidance. These categories represent the 'Investment' portion and the 'Avoided Cost' portion of the ROI calculation in (1) respectively.
Implementation Costs
Implementation costs are the costs associated with the realization of PHM in a system, that is, the technologies and support necessary to integrate and incorporate PHM into new or existing systems. The costs of implementing PHM can be categorized as recurring, non-recurring, or infrastructural depending on the frequency and role of the corresponding activities. The implementation cost is the cost of enabling the determination of Remaining Useful Life (RUL) for the system. Implementation cost models can and should be adapted to meet the needs of a particular application and can be enhanced as the costs of PHM become better quantified, for instance, as cost drivers are identified.
Non-recurring costs are associated with one-time only activities that typically occur at the beginning of the timeline of a PHM program -although disposal or recycling nonrecurring costs would occur at the end. Non-recurring costs can be calculated on a per-LRU, per-socket, or per a group of LRUs or sockets basis. The specific non-recurring cost is calculated as:
where C dev_hard is the cost of hardware development; C dev_soft is the cost of software development; C training is the cost of training; C doc is the cost of documentation; C int is the cost of integration; and C qual is the cost of testing and qualification.
Recurring costs are associated with activities that occur continuously or regularly during the PHM program. As with non-recurring costs, some of these costs can be viewed as an additional charge for each instance of an LRU or for each socket (or for a group of LRUs or sockets). The recurring cost is calculated as:
where C hard_add is the cost of hardware in each LRU (e.g., sensors, chips, extra board area) and may include the cost of additional parts or manufacturing or the cost of hardware for each socket (such as connectors and sensors); C assembly is the cost of assembly, and installation of the hardware in each LRU or the cost of assembly of hardware for each socket or for each group of sockets; C test is the cost of recurring functional testing of hardware for each socket or for each group of sockets; and C install is the cost of installation of hardware for each socket or for each group of sockets, which includes the original installation and re-installation upon failure, repair, or diagnostic action.
Unlike recurring and non-recurring costs, infrastructure costs are associated with the support features and structures necessary to sustain PHM over a given activity period and are characterized in terms the ratio of money to a period of activity (i.e., dollars per operational hour, dollars per mission, dollars per year). The infrastructure costs are calculated as:
where C data is the cost of data management, including the costs of data archiving, data collection, data analysis, and data reporting; C prog_maintenance is the cost of maintenance of the prognostic devices; C decision is the cost of decision support; and C retraining is the cost of retraining costs to educate personnel in the use of PHM.
Cost Avoidance
Prognostics provide estimations of Remaining Useful Life (RUL) in terms that are useful to the maintenance decision making process. The decision process can be tactical (realtime interpretation and feedback) or strategic (maintenance planning).
All PHM approaches are essentially the extrapolation of trends based on recent observations to estimate RUL, [23] . Unfortunately, the calculation of RUL alone does not provide sufficient information to form a decision or to determine corrective action. Determining the best course of action requires the evaluation of criteria such as availability, reliability, maintainability, and life cycle cost. Cost avoidance is the value of changes to availability, reliability, maintainability, and failure avoidance.
The primary opportunities for obtaining cost avoidance from the application of PHM to systems are failure avoidance and minimization of the loss of remaining system life. Field failure of systems is often very expensive. If all or some fraction of the field failures can be avoided, then cost avoidance may be realized by minimizing the frequency of unscheduled maintenance. Avoidance of failures can also increase availability, reduce the risk of loss of the system, and may increase human safety depending on the type of system considered. Failures avoided fall into two types: 1) real-time failure avoidance during operation that would otherwise result in the loss of the system or loss of the function the system was performing (i.e., loss of mission), and 2) warning of future (but not imminent) failure that allows preventative maintenance to be performed at a place and time that are convenient.
3
MAINTENANCE PLANNING COST MODELING This section briefly describes a stochastic decision model [24] that enables the interpretation of LCM damage accumulation or HM precursor data, and applies to failure events that appear to be random or appear to be clearly caused by defects. Specifically the model is targeted at addressing the following questions. First, how do we determine on an applicationspecific basis when the reliability of electronics has become predictable enough to warrant the application of PHM-based scheduled maintenance concepts? Note that predictability in isolation is not necessarily a suitable criterion for PHM vs. non-PHM solutions, e.g., if the system reliability is predictable and very reliable, it would not make sense to implement a PHM solution. Secondly, how can PHM results be interpreted so as to provide value, i.e., how can a business case be constructed given that the forecasting ability of PHM is subject to uncertainties in the sensor data collected, the data reduction methods, the failure models applied, the material parameters assumed in the models, etc.? The interpretation boils down to determining an optimal safety margin on LCM prediction and prognostic distance for HM.
The maintenance planning model discussed here accommodates variable time-to-failure (TTF) of LRUs and variable RUL estimates associated with PHM approaches implemented within LRUs. The model considers both single and multiple sockets within a larger system. Discrete event simulation is used to follow the life of individual socket instances from the start of their field lives to the end of their operation and support. 3 Discrete event simulation allows for the modeling of a system as it evolves over time by capturing the changes as separate events (as opposed to continuous simulation where the system evolves as a continuous function). The evolutionary unit need not be time; it could be thermal cycles, or some other unit relevant to the particular failure mechanisms addressed by the PHM approach. Discrete event simulation has the advantage of defining the problem in terms of an intuitive basis, i.e., a sequence of events, thus avoiding the need for formal specification. Discrete event simulation is widely used for maintenance and operations modeling, e.g., [25] [26] [27] , and has also previously been used to model PHM activities, [28] .
The model treats all inputs to the discrete event simulation as probability distributions, i.e., a stochastic analysis is used, implemented as a Monte Carlo simulation. Various maintenance interval and PHM approaches are distinguished by how sampled TTF values are used to model PHM RUL forecasting distributions.
Since the case study in this paper focuses on the application of a precursor to failure PHM approach, the next section provides details of how this particular PHM approach is modeled by the maintenance planning model. The treatment of other PHM approaches appears in detail in [24] .
Precursor to Failure Monitoring
Precursor to failure monitoring, the approach used in the case study in Section 4, employ fuses or other monitored structure that are manufactured with or within the LRUs or as monitored precursor variables representing non-reversible physical processes, i.e., they are coupled to the manufacturing or material variations of a particular LRU. Health Monitoring (HM) and LRU-dependent fuses are examples of precursor to failure methods. A parameter to be determined from analysis is prognostic distance. The prognostic distance is a measure of how long before system failure the prognostic structures or prognostic cell is expected to indicate failure (in operational hours for example). The precursor to failure monitoring methodology forecasts a unique time to failure (TTF) distribution for each instance of an LRU based on the instance's TTF. 4 For illustration purposes, the precursor to failure monitoring forecast is represented as a symmetric triangular distribution with a most likely value (mode) set to the TTF of the LRU instance minus the prognostic distance, Figure 1 .
The LRU TTF probability density function (pdf) and the Precursor to failure TTF pdf on the left and right Figure 1 , respectively, could have different distribution shapes and parameters; symmetric triangular distributions were chosen for illustration. The precursor to failure monitoring distribution has a fixed width measured in the relevant environmental stress units (e.g., operational hours in our example) representing the probability of the prognostic structure correctly indicating the precursor to a failure. As a simple example, if the prognostic structure was a LRU-dependent fuse that was designed to fail at some prognostic distance earlier than the system it protects, then the distribution on the right side of Figure 1 represents the distribution of fuse failures (the TTF distribution of the fuse). The parameter to be optimized in this case is the prognostic distance assumed for the precursor to failure monitoring forecasted TTF.
The model proceeds in the following way: for each LRU TTF distribution sample (t 1 ) taken from the left side of Figure  1 , a precursor to failure monitoring TTF distribution is created that is centered on the LRU TTF minus the prognostic distance (t 1 -d). The precursor to failure monitoring TTF distribution is then sampled and if the precursor to failure monitoring TTF sample is less than the actual TTF of the LRU instance, the precursor to failure monitoring is deemed successful. If the precursor to failure monitoring distribution TTF sample is greater than the actual TTF of the LRU instance then precursor to failure monitoring was unsuccessful. If successful, a scheduled maintenance activity is performed and the timeline for the socket is incremented by the precursor to failure monitoring sampled TTF. If unsuccessful, an unscheduled maintenance activity is performed and the timeline for the socket is incremented by the actual TTF of the LRU instance. At each maintenance activity, the relevant costs are accumulated.
The fundamental difference between the precursor to failure and LRU-independent models (see [24] ) is that in the precursor to failure models the TTF distribution associated with the PHM structure (or sensor) is unique to each LRU instance, whereas in the LRU independent models the TTF distribution associated with the PHM structure (or sensor) is tied to the nominal LRU and is independent of any manufacturing or material variations between LRU instances.
BUSINESS CASE ANALYSIS EXAMPLE
The scenario for this business case considers the acquisition of PHM for an electronics LRU in a commercial aircraft used by a major commercial airline. 5 The representative LRU was a multifunction display (MFD), two of which are present in each aircraft. A fleet size of 502 aircraft was chosen to reflect the quantities involved for a technology acquisition by a major airline, in this case, Southwest Airlines [29] . The Boeing 737 300 series was chosen as the representative aircraft to be equipped with electronics PHM.
The implementation costs reflect a composite of technology acquisition cost benefit analyses (CBAs) for aircraft and/or for prognostics. The implementation costs are summarized in Table 1 . All values are in 2008 U.S. dollars; all conversions to year 2008 dollars were performed using the Office of Management and Budget (OMB) discount rate of 7% [30] . The discount factor was calculated as 1/ (1 + i) t where i is the discount rate (0.07) and t is the year (t = 0 represents 2008).
Maintenance costs vary greatly depending on the type of aircraft, the airline, the amount and extent of maintenance needed, the age of the aircraft, the skill of the labor base, and the location of the maintenance (domestic versus international, hangar versus specialized facility). The maintenance costs in the model are assumed to be fixed; however, the effects of aging are known to produce increases in maintenance costs [31] .
Koch, et al. [32] , give the maintenance cost per hour for Boeing 737-100 and -200 series aircraft as 12% of the hourly operating cost, noting that the ratio of maintenance costs per hour to aircraft operating costs per hour has remained between 0.08 and 0.13 since the 1970s. The numerical average of the direct hourly operating costs for major airlines summarized in [33] was used. This cost is treated as the cost of scheduled maintenance per hour, which is equivalent to the cost of unscheduled maintenance that can performed during the downtime period, (see Table 2 ), after the flight segments for the day have been completed.
The cost of unforeseen failures that require immediate attention during a flight can vary depending on the interpretation and on the subsequent actions required to correct the problem. Unscheduled maintenance that would require a diversion of a flight can be extremely expensive. The cost of a problem requiring unscheduled maintenance that is detected before the aircraft has left the ground (during a flight segment but not airborne) can be highly complex to model if the full value of passenger delay time and the downstream factors of loss of reputation and indirect costs are included [34] .
For the determination of the cost of unscheduled maintenance during a flight segment, it is assumed that such an action typically warrants a flight cancellation. This represents a more extreme scenario than a delay; the model assumes that unscheduled maintenance that occurs between flight segments (during the preparation and turnaround time) would be more likely to cause a delay, whereas unscheduled maintenance during a flight segment would result in a cancellation of the flight itself. The Federal Aviation Administration provides average estimates of the cost of cancellations on commercial passenger aircraft that range from $3,500 to $6,684 per operational hour [35] . The operational profile for this example case was determined by gathering information for the flight frequency of a typical commercial aircraft. A large aircraft is typically flown several times each day; these individual journeys are known as flight segments. The average number of flight segments for a Southwest Airlines aircraft was seven in 2007 [29] . Although major maintenance, repair, and overhaul operations (MROs) call for lengthy periods of extensive inspections and upgrades as part of mandatory maintenance checks, a commercial aircraft may be expected to be operational up to 90% to 95% of the time for a given year [36] . A median airborne time for commercial domestic flights was approximately 125 minutes in 2001 [30] . A representative support life of 20 years was chosen based on [30] . A 45-minute turnaround time was taken as the time between flights based on the industry average [37] . Using this information, an operational profile was constructed whose details are summarized in Tables 2 and 3 . Reliability data was based on [38] and [39] , which provide models of the reliability of avionics with exponential and Weibull distributions, commonly used to model avionics [40] . The assumed TTF distribution of the LRUs is provided in Figure 2 . In an analysis of over 20,000 electronic products built in the 1980s and 1990s, [41] shows that Weibull distributions with shape parameters close to 1, i.e., close to the exponential distribution, are the most appropriate Weibull distributions for modelling avionics. Upadhya and Srinivasan, [42] , models the reliability of avionics with a Weibull shape parameter of 1.1, consistent with the common range of parameters found in [41] . Although [41] found exponential distributions to be the most accurate, failure mechanisms associated with current technologies, [43] suggest that the Weibull may prove to be more representative for future generations of electronic products. The location parameter was chosen based on the typical avionics unit being considerably shorter-lived than ten years that is a common life assumption within the aerospace industry, [41] . 
ROI CALCULATION
To enable the calculation of ROI, an analysis was performed to determine the optimal prognostic distance for the example case, shown in Figure 3 . For the combination of PHM approach, implementation costs, reliability information, and operational profile assumed in this example, a prognostic distance of 485 hours yielded the minimum life cycle cost over the support life. The TTF distribution of the prognostic structure monitored with the precursor-to-failure approach was a triangular distribution with a width of 500 hours was chosen (right side of Figure 1 ). Using a prognostic distance of 485 hours, a discrete event simulation was performed under the assumptions of negligible random failure rates and false alarm indications. Figure 4 illustrates the cumulative cost per socket as a function of time. The graph of life cycle cost intersects the vertical axis at the point corresponding to the initial implementation cost; as maintenance events accumulate over the support life, the cost rises, culminating at the end of the 20 years. Each socket required a replacement of five LRUs on average, corresponding to the distinct jumps in cost every ~3.6 years. The small step increases between LRU replacements (most clearly seen between year 0 and 3) represent annual PHM infrastructure costs. For this case study, 1,000 sockets were simulated; divergence in life cycle cost due to randomness and variability of parameters can be seen as the support life progresses. The investment cost is the effective cost per socket of implementing PHM and then using it to guide maintenance planning. It is calculated as
where C NRC are the PHM non-recurring costs, C REC are the PHM recurring costs, C FA are the costs of false alarm resolution, C ELRU is the cost of procurement of LRUs above the unscheduled maintenance quantity, C M is the maintenance cost including repair above the unscheduled maintenance (may be < 0), and C LNF are the annual infrastructure costs associated with PHM. Applying (1), the ROI is given by, (6) where C us is the life cycle cost of the system with unscheduled maintenance and C PHM is the life cycle cost of managing the system using a PHM approach. Equation (6) measures ROI relative to unscheduled maintenance, i.e., if C PHM = C us , then ROI = 0 (breakeven).
Using this PHM approach, 91% of failures were avoided 6 and the total life cycle cost per socket was C PHM = $77,391 with an effective investment cost per socket of INV = $6,249, representing the cost of developing, supporting, and installing PHM. This cost was compared to an unscheduled maintenance policy in which LRUs are fixed or replaced only upon failure. Preserving all simulation details not particular to the PHM approach, the life cycle cost per socket under an unscheduled maintenance approach was C us = $96,958. Following (6), the ROI of PHM was calculated as [$96,958 -($77,391 -$6,249]/ $6,249 -1, approximately 3.131. Figure 5 contrasts the ROI with the annual infrastructure cost of implementing PHM on a per-socket basis, including the costs of hardware, assembly, installation, and functional testing. The intersection with the abscissa represents the breakeven point at which PHM no longer yields a positive return on investment. In this instance, the breakeven point occurred at approximately $2,500 per LRU; Figure 6 illustrates the relationship between ROI and the TTFs of the LRUs for three annual infrastructure costs. The TTF parameter varied is the location parameter used in the Weibull distribution; the shape and scale parameters were kept constant. For large TTFs, the reliability of the LRUs is such that PHM is no longer beneficial to the program; LRUs with smaller TTFs provide the opportunity for greater ROI. Figure 6: Return on investment versus TTF (Weibull, β=1.1 [41] , η= 1,200 [39] for various annual infrastructure costs. 6 Sockets with LRU failures not detected by the PHM approach appear in Figure 4 as the histories above the majority of the data set (these first appear at approximately 8 years). Breakeven Point CONCLUSION PHM can be used within the maintenance decision-making process to provide failure predictions, to lower sustainment costs by reducing the costs of downtime, for inspection, for inventory management, to lengthen the intervals between maintenance actions, and to increase the operational availability of systems. PHM can be used in the product design and development process to gather usage information and to provide feedback for future generations of products.
The potential benefits of prognostics are significant for the military and commercial sectors; the U.S. Air Force estimates that successful health monitoring of the Minuteman III strategic missile fleet could cut its life cycle costs in half [44] . Proponents of PHM have prophesied that its success may one day obviate the need for redundant components in systems, but the transition to a full PHM approach will require extensive validation and verification before that can happen.
A business case was presented that demonstrated a positive ROI to adopting PHM. These results are application specific and not applicable to particular avionics LRUs or to groups of mixed LRUs. PHM would likely be used to maintain groups of dissimilar LRUs within a larger system, requiring an expanded analysis to include reliability, age, and cost information for multiple components. Furthermore, the results presented here are specific to a precursor to failure PHM approach; they may not be consistent with the ROI of using life consumption monitoring methods and are not specific to a particular precursor to failure device To determine the ROI requires an analysis of the costcontributing activities needed to implement PHM and a comparison of the costs of maintenance actions with and without PHM. Analysis of the uncertainties in the PHM ROI calculation is necessary for developing realistic business cases. Allowance for variability in cadence, false alarm, and random failure rates, and system size enables a more comprehensive calculation of ROI to support acquisition decision making.
